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Abstract Chemically activated processes of subcritical cracking in calcite control the time-dependent
strength of this mineral, which is a major constituent of the Earth’s brittle upper crust. Here experimental
data on subcritical crack growth are acquired with a double torsion apparatus to characterize the
inﬂuence of ﬂuid pH (range 5–7.5) and ionic strength and species (Na2SO4, NaCl, MgSO4, and MgCl2) on the
propagation of microcracks in calcite single crystals. The eﬀect of diﬀerent ions on crack healing has also
been investigated by decreasing the load on the crack for durations up to 30 min and allowing it to relax
and close. All solutions were saturated with CaCO3. The crack velocities reached during the experiments
are in the range 10−9 –10−2 m/s and cover the range of subcritical to close to dynamic rupture propagation
velocities. Results show that for calcite saturated solutions, the energy necessary to fracture calcite is
independent of pH. As a consequence, the eﬀects of ﬂuid salinity, measured through its ionic strength,
or the variation of water activity have stronger eﬀects on subcritical crack propagation in calcite than pH.
Consequently, when considering the geological sequestration of CO2 into carbonate reservoirs, the decrease
of pH within the range of 5–7.5 due to CO2 dissolution into water should not signiﬁcantly alter the rate
of fracturing of calcite. Increase in salinity caused by drying may lead to further reduction in cracking and
consequently a decrease in brittle creep. The healing of cracks is found to vary with the speciﬁc ions present.
1. Introduction
Long-term circulation of ﬂuids inﬂuences the brittle and ductile deformation of the Earth’s crust, either
through the activation of ﬂuid-controlled deformation mechanisms such as pressure solution creep [Green,
1984; Gratier et al., 2013] and subcritical crack growth [e.g., Atkinson, 1984; Brantut et al., 2013] or through
mineralogical transformations that modify the rheological properties of rocks, leading to mineral segrega-
tion [Gratier et al., 2015]. Interactions between ﬂuids and rocks play a key role in the destabilization and
damage of rocks under stress, and this interplay is considered as one of the parameters thatmay trigger earth-
quake ruptures [Main and Meredith, 1991], landslides [Brideau et al., 2009], and volcano deformations [Heap
et al., 2011]. Some of these deformations are rapid, e.g., during earthquakes, while others occur more slowly.
Atkinson [1984] was one of the ﬁrst to systematically review the studies on slow propagation of ruptures in
several geological materials at stresses below the threshold necessary to reach dynamic rupture. Such slow
crack propagation, also called subcritical crack growth, is responsible for brittle creep in rocks [Brantut et al.,
2013, 2014; Rutter, 1976; Croizé et al., 2010]. Understanding the role of subcritical cracking in rock deformation
is also relevant for prospecting and exploitation of hydrocarbons [Fan et al., 2012] and geothermal resources
[Ghassemi, 2012], and for the long-term stability of geological reservoirs where CO2 could be permanently
stored [Rohmer et al., 2014]. Finally, microfractures that develop in rocks through subcritical crack growth
modify the elastic, strength, and ﬂuid transport properties of these rocks [Anders et al., 2014].
Griﬃth [1921] proposed that the fracturing of materials is controlled by the growth of preexisting
submicroscopic ﬂaws. According to Griﬃth’s theory, a fracture is able to grow when the mechanical energy
released by the system due to fracture propagation, , is greater than the energy needed to create two new
surfaces, 2𝛾 . The system is in mechanical equilibrium when 0 − 2𝛾 = 0 (J/m2). Later, Orowan [1944]
discovered experimentally that glass can break at stresses far below their ordinary strength when amoderate
stress is applied during an extended period of time. The more general expression of the fracture criterion is
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Figure 1. Energy release rate  as a function of crack velocity (modiﬁed from Rostom et al. [2013]). Vertical dashed lines
show the boundaries between subcritical crack propagation on the left (1) and dynamic fracturing on the right (3),
connected by a transport limited regime characterized by a near constant crack velocity (2).
given as 0 − 2𝛾e = 0, where the subscript e refers to the chemical environment in contact with the fracture
surfaces. The phenomenon of altering the mechanical strength of a solid by introducing adsorption-active
media into the system is known as the Rehbinder eﬀect [Shchukin et al., 2006]. As this eﬀect is only depen-
dent on the initial surface energy of the solid and the ions introduced into the system, similar results ought to
be expected for calcitic rocks and pure calcite. Other mechanisms that may contribute to subcritical cracking
include weakening reactions at the crack tip, e.g., Charles [1958]; preferential dissolution at the crack tip with
rapid removal of dissolved species [Atkinson, 1984]; or even environmentally controlled microplasticity with
pileup of dislocations in the process zone around the crack tip [Atkinson, 1984].
Subcritical fracture propagation is typically found to display three diﬀerent regimes [Atkinson, 1984; Wan
et al., 1990] (see Figure 1), of which regimes 1 and 2 are the domains of interest in the present study.
Stress-dependent kinetic processes give a strongly load dependent crack velocity in regime 1. In regime 2,
the transport of reactive species to the crack tip is the rate limiting process; hence, the fracture velocity will
only be weakly dependent on load. The lower limit for fracture propagation, 0, is not directly measurable in
experiments [Wan et al., 1990]. Therefore, the fast decrease of crack velocity when  decreases toward a limit
value is used as a weak experimental deﬁnition of the upper limit of the threshold 0 in crack growth exper-
iments [Lawn, 1993]. Around this region, the crack velocity can typically be expressed as a hyperbolic sine
function of  [Wan et al., 1990], corresponding to a thermal activation barrier that decreases linearly with .
The relationship between the energy release rate  and the crack tip velocity v is then
v = 2kT
h
a0 exp
(−ΔF
kT
)
sinh
(
𝛼
 − 0
kT
)
, (1)
where k and h are Boltzmann’s and Planck’s constants, respectively, T is the absolute temperature, a0 is a
characteristic atomic spacing, 𝛼 is an activation area, and ΔF is the height of the quiescent energy barrier.
These last two parameters are determined by the intrinsic bond rupture energy [Wan et al., 1990].
Theoretically, healing of small fractures is possible through a thermally activated process, just like fracture
growth [Brantley et al., 1990; Stavrinidis and Holloway, 1983; Lawn, 1993]. It is only a matter of achieving small
enough apertures to allow for bonds to reform. There is, however, expected to be a certain hysteresis in such
a setup; the healed crack will not be as strong as the virgin crack, due to incomplete removal of adsorbed
species and latticemismatchbetween the fracture surfaces. According to Lawn [1993], the level of hysteresis is
governed by the chemistry of the system. Dependence on time and heat has been studied for quartz [Brantley
et al., 1990] and glass [Stavrinidis and Holloway, 1983]. The dependence on speciﬁc ions in the ﬂuid remains
to be studied.
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Table 1. List of Experiments, Experimental Conditions, and Values of 0 Obtained
Vertical Point Load at the Onset Recorded Duration
Experiment Fluid of Relaxation (N) of Relaxation (s) 0 (J/m
2) pH Initial pH Final Ionic Strength (mol/l)
20150512_CA13 Air humidity 2.8 1,800 0.45 - - -
20150513_CA14 Air humidity 2.42 562 0.32 - - -
20150515_CA15 Air humidity 2.1 6,350 0.30 - - -
20150518_CA16 Air humidity 2.8 149 0.45 - - -
20150519_CA17 Air humidity 2.68 640 0.39 - - -
20150520_CA18 Distilled water 2.7 47 0.32 5.5 - -
20150528_CA21 Distilled water 2.35 2,700 0.35 5.5 - -
20150608_CA26 Acetic acid, saturated 2.3 1,250 0.31 7.1 7.1 1.8
with CaCO3 (pH = 7)
20150609_CA27 Acetic acid, saturated 2.38 7,400 0.35 7.0 7.0 1.8
with CaCO3 (pH = 7)
20150611_CA28 Acetic acid, saturated 2.5 9,500 0.34 5.5 5.5 1.4
with CaCO3 (pH = 5.5)
20150615_CA29 Acetic acid, saturated 2.3 11,800 0.29 6.1 6.0 1.6
with CaCO3 (pH = 6)
20150616_CA30 Acetic acid, saturated 1.95 13,000 0.31 5.9 6.0 1.6
with CaCO3 (pH = 6)
20150625_CA31 Distilled water 2.35 15,800 0.30 5.5 - -
20150630_CA32 Acetic acid, saturated 2.35 11,000 0.30 7.5 7.5 1.6
with CaCO3 (pH = 7.5)
20150706_CA33 Acetic acid, saturated 2.15 18,000 0.27 5.6 5.7 1.4
with CaCO3 (pH = 5.5)
20150707_CA34 Acetic acid, saturated 2.2 16,500 0.26 7.5 7.5 1.6
with CaCO3 (pH = 7.5)
20150708_CA35 Acetic acid, saturated 2.32 15,800 0.36 6.0 6.1 1.6
with CaCO3 (pH = 6)
20150709_CA36 Acetic acid, saturated 2.5 16,000 0.33 7.0 7.0 1.8
with CaCO3 (pH = 7)
20150716_CA37 Acetic acid, saturated 2.5 14,000 0.27 7.5 7.5 1.6
with CaCO3 (pH = 7.5)
Calcite is a major constituent of the Earth’s crust, and it is the primary constituent in limestones, includ-
ing chalk, which has gained interest lately due to its potential as a storage reservoir rock for captured CO2
[Emberley et al., 2005]. It has been shown that themechanical strength of chalk is signiﬁcantly aﬀected by both
water activity [Risnes et al., 2005], and the presence of salts such as NaCl, Na2SO4, or MgCl2 [Megawati et al.,
2012; Madland et al., 2011; Zangiabadi et al., 2011]. Heggheim et al. [2005] found that the water weakening
eﬀect seen in chalkmust be at least partly chemical in nature. This is supportedbyGutierrez etal. [2000], aswell
as Baud et al. [2009], who demonstrated a water weakening eﬀect in Majella grainstone and Saint-Maximin
limestone. It has also been found that synthetic sea water and water with moderately high concentrations of
MgCl2 (0.1–0.2M) cause increased strain rates in stressed chalk when comparing with pure water and water
with NaCl [Madland et al., 2011]. Several studies have also found that the concentration of Na2SO4 aﬀects the
strength of chalk, with reduced strength for higher concentrations [Korsnes et al., 2014;Heggheim et al., 2005].
To our knowledge, only Henry et al. [1977] have shown a nontrivial dependency of crack growth on pH in
calcitic rocks. A number of studies linking pH to crack growth have, however, been done on quartz [Atkinson
andMeredith, 1981] and glass [Wiederhorn and Johnson, 1972].
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Table 2. List of Experiments, Experimental conditions, and Values of 0 Obtained
a
Vertical Point Load at the Onset Duration of Fracture
Experiment Fluid of Relaxation (N) Closing (s) 0 (J/m
2) Ionic Strength (mol/l)
140724 Distilled water with 0.3 MMgSO4 2.47 1320 0.31 1.2
140725 Distilled water with 0.4 MMgCl2 2.64 250 0.35 1.2
140910 Distilled water with 0.004 M Na2SO4 2.57 - 0.40 0.012
140925 Distilled water with 0.003 MMgSO4 2.25 3200 0.31 0.012
141016 Distilled water with 0.012 M NaCl 2.34 - 0.28 0.012
141017 Distilled water with 0.004 MMgCl2 2.34 1990 0.26 0.012
141024 Distilled water with 0.4 M Na2SO4 2.43 1240 0.30 1.2
141104 Distilled water with 0.4 MMgCl2 2.45 2260 0.33 1.2
141118 Distilled water with 1.2 M NaCl 2.64 - 0.32 1.2
141121 Distilled water with 0.004 M Na2SO4 2.50 - 0.34 0.012
141210 Distilled water with 0.3 MMgSO4 2.81 - 0.35 1.2
150113 Distilled water with 0.004 MMgCl2 2.58 - 0.32 0.012
150114 Distilled water with 0.003 MMgSO4 2.70 1540 0.34 0.012
150115 Distilled water with 0.4 M Na2SO4 2.55 - 0.29 1.2
150119 Distilled water with 0.4 MMgCl2 2.51 1240 0.34 1.2
150123 Distilled water with 0.003 MMgSO4 2.52 3130 0.28 0.012
150126 Distilled water with 0.004 MMgCl2 2.56 1940 0.32 0.012
150310 Distilled water with 0.4 M Na2SO4 2.48 10, 10, 1450, 1520 0.25 1.2
150313 Distilled water with 0.4 MMgCl2 2.37 20, 10, 2160, 1440 0.27 1.2
150318 Distilled water with 0.3 MMgSO4 2.58 11, 10, 1640, 1550 0.37 1.2
150420 Distilled water with 0.004 MMgCl2 2.72 10, 7, 1270, 1150 0.36 0.012
150511 Distilled water with 0.003 MMgSO4 2.44 7, 300, 610, 950, 1210, 1830, 300 0.26 0.012
150513 Distilled water with 0.4 M Na2SO4 2.47 0, 10, 30, 60, 300, 620, 1930, 30 0.26 1.2
150518 Distilled water with 0.4 M Na2SO4 2.33 0, 11, 30, 60, 300, 1200, 30 0.26 1.2
150526 Distilled water with 0.004 M Na2SO4 2.48 0, 20, 40, 60, 300, 1210, 40 0.32 0.012
aAll solutions were saturated with CaCO3.
In the present study we expand the testing conditions of Røyne et al. [2011] and Rostom et al. [2013] to inves-
tigate the eﬀect of (1) the ﬂuid pH and (2) the ﬂuid composition and salinity on the crack propagation and
healing of cracks in calcite single crystals.
2. Materials and Methods
Two sets of experiments were performed in this study. In the ﬁrst set, the eﬀect of pH on fracture propagation
was addressed,while in the second set the salt type and concentrationwas varied andhealing of fractureswas
also studied. A newly built double torsion experimental setup at the Université Grenoble Alpes was used for
the ﬁrst set of experiments. For the second set, we used the same double torsion rig as in Rostom et al. [2013],
built at the University of Oslo. A few experiments were conducted at the same experimental conditions using
both rigs and found to yield the same results. In total, 44 successful experiments were performed, and the
conditions are given in Tables 1 and 2.
2.1. Double Torsion Apparatus and Experimental Conditions
The concept of double torsion testing was developed by Evans [1972]. It involves a ﬂat sample with an initial
crack, loaded between three points (see Figure 2d). When the load is increased, the sample is bent, resulting
in a mode I crack propagation along the centre of the sample. In a typical stress relaxation experiment, the
indenter is stopped at a ﬁxed position, and the load relaxes as the sample compliance increases due to the
fracture propagation. An advantage of the double torsion method is that the energy release rate can be cal-
culated from the measured load, independent of crack length for the middle part of the sample [Shyam and
Lara-Curzio, 2006].
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Figure 2. (a) Picture of double torsion apparatus built at Université Grenoble Alpes, with the sample in the ﬂuid cell and
the point load applied by the actuator. (b) Sketch of the double torsion apparatus showing the actuator and the load
cell. (c) The sample is located in the Plexiglas ﬂuid cell. (d) Schematic view of the calcite single-crystal sample, the initial
notch (precrack), and the vertical load applied exactly in the middle distance of the two contact points (red beads).
The calcite was cut with cleavage direction parallel to the direction of fracture propagation.
Calcite monocrystals were provided by the company Crystan Ltd., with dimensions of 10× 40× 1mm (for the
experiments with varying pH), and 10× 30× 1mm (for the experiments testing the eﬀect of ion species). The
crystals were cut so that the 40∕30 × 1 mm side was parallel to the 101̄4 cleavage plane (see Figure 2d), and
the largest surfaces were polished to optical quality. Cutting the crystals in such a way ensures that the frac-
ture will propagate through the sample parallel to the cleavage plane. Prior to mounting, each sample was
scratched with a caliper to create a 3–10 mm long initial crack parallel to the cleavage plane (Figure 2d) and
then placed in a ﬂuid cell in the double torsion apparatus. The experimental setup was located in a temper-
ature controlled room to reduce thermal noise. All experiments were performed at room temperature, close
to 23±1.5∘C and under atmospheric pressure and humidity conditions. Fracture propagation was monitored
optically, through time-lapse photography. Note that the imaged crack is a reﬂection of white light inside the
crack. Thismeans that in order for the crack to be visible, it must have an aperture of the same order ofmagni-
tude as the wavelength of visible light; hence, the measured crack tip position will always be located slightly
behind the actual crack tip position (see Figure 3).
In some experiments imperfect alignment of the sample and indenter caused the fracture to curve away from
the midplane of the sample. These experiments were discarded.
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Figure 3. Simple sketch showing the diﬀerence between the measured crack length and the actual crack length, where
2u is the crack aperture and 𝜆 is the wavelength of white light. x is the diﬀerence between measured crack length and
actual crack length.
2.1.1. Grenoble Double Torsion Apparatus Description and Loading Protocol
The setup used in Grenoble for the ﬁrst set of experiments is shown in Figure 2. The load is appliedwith the tip
of a linear piezo actuator (Newport, LTA-HL). Once the tip is in contactwith the sample, a vertical displacement
of the actuator in the range 0.015–0.016mm is applied at a velocity of 0.005mm/s. This induces an increase of
the load to a value between 2.5 and 3 N, which is large enough to promote propagation of the initial notch
crack but also low enough to avoid a dynamic fracture propagation across the whole sample. The crack starts
propagating at a velocity close 10−2 m/s and then slows down to velocities around 10−8 m/s, or in some cases
10−9 m/s, as relaxation proceeds. Pictures of the fracture propagation were taken at a rate of 1 to 10 images
per second with a camera (Prosilica GC2450, pixel size 3.45 μm × 3.45 μm). A light-emitting diode cold light
(Amaran 528W) was used as a light source. The load is continuously monitored using a force gauge recorded
at a frequency of 100 Hz. The duration of the experiments was varied from minutes, to probe the largest
velocities and large values of , up to 3 h to probe the lowest velocities.
The device also includes a laser displacement meter (Keyence LK-G10) with a wavelength of 655 nm that
measures the vertical deformation of the actuator sample holder column during sample loading. The vertical
displacement was found to be less than 1 μm, whereas the ﬂexure of the calcite sample is at least 10 times
larger. Therefore, most of the elastic strain energy is stored into the sample during loading and the apparatus
is considered as inﬁnitely stiﬀ compared to the sample.
2.1.2. Oslo Double Torsion Apparatus Description and Loading Protocol
The exact setup used is shown in Rostom et al. [2013]. Here we will only provide a brief summary. As in the
Grenoble double torsion apparatus, the sample is loaded using a linear piezo actuator (PI, N-381). This par-
ticular actuator can move as slowly as 10−4 m/s, which is the velocity used during most of the experiment.
The load is increased until it reaches amaximumwhere load relaxation due to fracture propagation becomes
greater than the load increase due to the indenter displacement. Fracture velocities never exceed 10−3 m/s
in this setup. At this maximum the actuator is stopped and kept stationary while the crack propagates.
Prior to the loading and relaxation cycle, the initial crack is made to propagate so that each experiment is
started from the same fracture length. This also ensures that crack propagation during loading and relaxation
starts from a smooth, sharp, and straight crack. After loading, the sample is allowed to relax for around 2 h. At
this point the load would have stabilized signiﬁcantly, and the fracture propagation velocity reduced by 3–4
orders of magnitude.
The position of the actuator (internal sensorwith 20 nm resolution), the load recordedby the load cell (Omega
LC703-10), and the temperature in the room (measured using thermistors) were all recorded at a frequency
of 20 Hz, using a LabVIEW acquisition program. The load cell has a maximum range of 44 N and a resolution
of 10−3 N including noise and eﬀects of minor temperature ﬂuctuations. The fracture length was monitored
optically, using a camera (Prosilica GC2450), taking time-lapse images, with a maximum frequency of 4 Hz.
The resolution was around 13.7 μm.
After measuring the initial subcritical fracture propagation, the load was reduced to ∼0.59 ± 10% N and
kept constant at a relaxation time period varying from zero to about 20–30 min. Subsequently, the load was
increased again until it reached the level it had been at the end of the initial fracture propagation. In some
experiments, this cycle was repeated for relaxation hold times of 0, 10, 30, 60, 300, 600, and 1200 s, and
ﬁnally 30 s again, to check for history dependence. We tested for several diﬀerent time intervals in order to
see if the level of fracture closing was dependent on the time it was allowed to close. Similarly, we also ran
a few tests in which the speed of the actuator during load reduction was varied by an order of magnitude;
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i.e., both a velocity of 10−4 m/s and 10−3 m/s was tried in order to see if the velocity of the actuator aﬀected
the closing of the crack.
At the end of each experiment, the samplewas reloaded until the sample broke in two. The topography of the
entire fracture surface was measured using a white light interferometer (Wyko NT1100 from Veeco), which
has a height resolution close to 1 nm. Seven of the samples were imaged at high resolution using a scanning
electron microscope (Hitachi SU5000 FE-SEM). Especially the area where potential healing had taken place
was studied in detail. The purpose of this was both to see if there were variations within one surface, as well
as between diﬀerent samples.
2.2. Varying PH: Solutions Used
Nineteen successful experiments (Table 1) were performed with three types of ﬂuids: air (i.e., no ﬂuid was
added to the ﬂuid cell), distilled water in equilibrium with atmospheric CO2 (measured pH 5.5), and acidic
aqueous ﬂuids buﬀered with calcium carbonate. Acetic acid provided by Roth© was used to prepare a stock
solution of pH 4 at 0.97 M, which was then diluted to reach higher pH. Calcium carbonate powder provided
by Chem-Lab was added to the stock solution to obtain solutions saturated with calcite with pH in the range
5.5–7.5. The pH of the solutions was measured before and after most of the experiments using a calibrated
laboratorypHmeter, and the calciumconcentrationof relevant solutionswas analyzedusing induced coupled
plasma-atomic emission spectroscopy. In all experiments with acetic acid where the pHwasmeasured before
andafter, thepHvariationduringexperimentswasnegligible (see Table 1) andwe therefore consider that ﬂuid
pH remained constant during the experiments. After some experiments, the cracked sample was observed
from above using an optical microscope or a scanning electron microscope.
The ionic strength I of the solutions is calculated using the relation I= 0.5 × Σciz2i where ci is the concen-
tration of charged species in the solution and zi is the number of positive or negative charges of each ion:
CH3CO
2−, H3O
+, OH−, Ca2+, HCO3−, and CO2−3 . The concentrations of Ca
2+ and the pH are measured directly,
and the other concentrations are calculated from the dissociation constant of acetic acid at 25∘C (pKa =−4.8)
and the dissociation constants of carbonic acid given in a 1 M ionic strength solution at 25∘C (pKa1 = −5.94,
pKa2=−9.54), as given in the Table 2ofHeandMorse [1993]. ThepHand ionic strength aregiven in the Table 1.
When an acidic ﬂuid with a pH lower than 5 was used, bubbles formed on the calcite surfaces. As these could
lift or even move the sample within the ﬂuid cell, the measured force cannot be used to calculate the energy
release rate accurately. These experiments were therefore discarded from the present study.
2.3. Varying Salts and Salinity: Solutions Used
Eight diﬀerent electrolyte solutions with two diﬀerent ionic strengths, referred to as high (1.2 M, H) and low
(0.012 M, L) were used (see Table 2). All solutions were saturated with CaCO3. In total, 25 successful experi-
ments were conducted. Fewer experiments were performed with NaCl than with the other solutions, as we
were able to use data from Rostomet al. [2013] for this solution. The pH of the diﬀerent solutionswas notmea-
sured. However, using PHREEQC [Parkhurst et al., 1999], we can simulate solutions used in this study. Assuming
the water is equilibrated with the CO2 in the atmosphere, and saturated with calcite, we ﬁnd that the pH of
the diﬀerent solutions are all within 8.24–8.50. No clear correlation between the pH of the solutions and the
measured results was seen.
2.4. Data Processing
First, the vertical position of the loading actuator tip and the corresponding vertical applied force are plotted
in order to select the period of crack relaxation during the experiment (Figure 4a). Second, the pictures from
the beginning to the ﬁnal time of fracture propagation were identiﬁed and selected. The initial image was
used as a reference background and subtracted from each of the following images. A threshold was chosen
to determine the exact position of the crack tip.
Using these data, the crack tip position x at each time t can be extracted and its instantaneous velocity is
calculated as v = dx∕dt by ﬁtting a straight line to a suitable number of data points.
The sample is characterized by its compliance, C, given as
C ≈ Δ
P
≈
3S2ma
St3G𝜓(𝜏)
, (2)
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Figure 4. (a) Plots of the vertical load (top), vertical displacement of the actuator tip (middle), and measured crack
length (bottom). Loading, relaxation, and healing are indicated with arrows. (b) Calculated compliance for sample
141017 (see Table 2) plotted against crack length. The curve is mostly linear, with deviation from a straight line in the
beginning, due to end eﬀects.
where P is the load,Δ is the deformation of the sample, which in our casewas given by the change in actuator
position, Sm is half the distance between the supports, S and t are the samplewidth and thickness respectively
(see Figure 2d),G is the shearmodulus for calcite (G = 32.8 GPa Chen et al. [2001]),𝜓 is a geometric correction
factor given as 𝜓 = 1 − 0.6302𝜏 + 1.20𝜏 exp(−𝜋∕𝜏) where 𝜏 = 2t∕S, and a is the crack length [Shyam and
Lara-Curzio, 2006]. It has been found in several setups that the compliance relates to crack length such that
C = Δ
P
= Ba + D, (3)
which includes the stiﬀness of the rig,D. Given this linear relationship (see Figure 4b), the fracture velocity can
be expressed as
v = 1
BP
(dΔ
dt
− Δ
P
) dP
dt
, (4)
where B is found by linear ﬁtting according to equation (3). In the casewhereΔ is constant, this can be further
simpliﬁed to
v = −Δ
BP2
dP
dt
, (5)
or alternatively (if D is large enough not to be neglected)
v = −
Pi
P2
(
ai +
D
B
) dP
dt
, (6)
where subscript i is some instantaneous value. As a check, the velocities given by equations (4) and (6) were
calculated and compared to the velocity based on the derivative of the crack length and found to agree.
Assuming the crack front does not change with crack propagation, the energy release rate can then be
expressed as
 = P
2
2t
(dC
da
)
=
3P2S2m
2St4G𝜓
. (7)
The expression for the energy release rate is thus independent of crack length in this setup, as long as the
fracture tip is far enough from the edges of the sample to avoid edge eﬀects [Shyam and Lara-Curzio, 2006].
Themain sources of uncertainty in are the thickness of the sample t (2%), the shearmodulusG (5–10%), and
the position of the supports relative to themiddle of the sample Sm (5%), giving a total absolute uncertainty of
about 13%. In our experiments the shear modulus of all samples were the same as they were produced from
the same initial calcite crystal, the main uncertainty being in the sample thickness, and the initial position of
the sample.
The crack tip position as a function of time and the relaxation of the force and the energy release rate  as a
function of crack velocity v for one experiment are shown in Figure 5.
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Figure 5. Data processing for experiment 20150611_CA28 (see Table 1). (a) Position of the crack tip as a function of
time. The inset shows the same evolution with log-log axis. (b) Vertical load as a function of time showing the relaxation.
(c) Relationship between the strain energy released and the crack tip velocity. The lowest energy rate 0 corresponds to
the onset of subcritical crack propagation.
To estimate the value of 0, the experimental curve  versus v (Figures 6–8) was ﬁtted for each experiment
using the hyperbolic sinus function (equation (1)) using the following parameters: T = 298 K, k = 1.38 ×
10−23 m2 kg s−2 K−1, h = 6.63 × 10−34 m2 kg s−1, ΔF = 9.1 × 10−20 J, a0 = 5 × 10−10 m, which corresponds to
the atomic cell size of calcite [Stipp and Hochella Jr, 1991], and 𝛼 = 1.4 × 10−19 m2. All these parameters were
set constant for calcite, and the value of 0 was then calculated by a least squares method.
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Figure 6. Crack velocities as a function of the energy release rate  all experiments with varying ﬂuid pH (Table 1). The
inset shows the data collapse of the velocity versus ( − 0) and the bold line corresponds to the ﬁt using equation (1).
2.5. Limitations of the Experimental Procedure and Reproducibility of the Results
Several caveats related to the double torsion experiments should be discussed. First, when the calcite sample
is notched with the caliper, a precrack is formed. However, subsequent and potentially erratic propagation of
the precrack may occur. In particular, uncontrolled propagation could happen following the insertion of the
sample into the ﬂuid-ﬁlled cell.
Furthermore, the precrack tends to be signiﬁcantly rougher than the perfectly linear crack propagating from
it. These uncontrolled characteristics of the precrack are expected to cause some variability in the initial
load required to trigger propagation of the crack. In order to address this issue the precrack was deliber-
ately propagated a small distance into the sample, as part of the experimental procedure used with the Oslo
setup. However, this precaution should only aﬀect the load needed to start propagating the crack, leaving 0
Figure 7. Energy release rate, , plotted against crack velocity for all experiments. The inset shows the data collapsing
when 0 is subtracted. The thick black line represents the ﬁtted function using equation (1).
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Figure 8. Energy release rate, , plotted against crack velocity, v, averaged across experiments with same salts and ionic
strength (H = high, L = low). The inset shows the corresponding data collapse, with the same ﬁtted line as shown in
Figure 7.
essentially unchanged, unless frictional resistance occurs between the two sections of the calcite crystal,
owing to an overly large roughness of the precrack.
Second, if the tip of the linear actuator is not perfectly centered on the sample, the crack may not propagate
linearly in pure mode I but may include mode III segments. As a consequence, the double torsion technique
requires a nearly perfect positioning of the sample to ensure good reproducibility. The issue of centering the
precracked sample relative to the actuator is believed to be the greatest source of variability in our results.
3. Results
In all successful experiments the cracks propagated linearly, along the center of the sample, until the experi-
ments were stopped. Microscope observations (Figure 9) show that there is some damage in the crystal near
the initial notch made with a caliper. However, after the initial notch the trace of the crack is linear, within the
resolution of both the optical microscope and the scanning electron microscope.
Experimental results are summarized in Tables 1–3.
Figure 9. (a and b) Optical and (c and d) scanning electron microscope images of the crack at diﬀerent scales showing
almost linear propagation along a calcite cleavage. Some damage near the initial notch (Figure 9a) is seen as secondary
fractures which, for this experiment, did not induce perturbation of the linear propagation of the crack (Figure 9b). Near
the tip, the crack becomes thinner and thinner (Figure 9c) until the lowest resolution of 50 nm of the images is reached.
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Table 3. Summary of Data Presented in Tables 1 and 2a
Fluid Velocity Interval (m/s) 0 Interval (J/m
2) Average 0
Air 10−9 –10−4 0.30–0.45 0.38
Distilled water 10−8 –10−2 0.30–0.35 0.32
Acetic acid, pH = 5.5 10−8 –10−2 0.27–0.34 0.30
Acetic acid, pH = 6.0 10−9 –10−2 0.29–0.36 0.32
Acetic acid, pH = 7.0 10−8 –10−5 0.31–0.35 0.33
Acetic acid, pH = 7.5 10−9 –10−5 0.26–0.30 0.28
1.2 M NaCl 10−8 –10−4 0.32 0.32
0.012 M NaCl 10−8 –10−4 0.28 0.28
0.3 MMgSO4 10
−8 –10−3 0.27–0.35 0.34
0.003 MMgSO4 10
−8 –10−3 0.26–0.34 0.30
0.4 MMgCl2 10
−8 –10−4 0.27–0.35 0.32
0.004 MMgCl2 10
−8 –10−4 0.26–0.36 0.31
0.4 M Na2SO4 10
−8 –10−4 0.25–0.30 0.27
0.004 M Na2SO4 10
−8 –10−4 0.32–0.40 0.36
aAll ﬂuids except air and distilled water are saturated with CaCO3.
3.1. Subcritical Crack Growth in Air and Distilled Water
Several experiments were performed on the Grenoble double torsion setup in atmospheric humidity and in
distilled water. With distilled water, 0 varies between 0.30 and 0.35 J/m
2, with an average of 0.32 J/m2, very
close to the value of 0.30 J/m2 measured by Røyne et al. [2011]. For atmospheric humidity experiments, values
lie in the range 0.30–0.45 J/m2, with an average of 0.38 J/m2, which is consistent with the formation of a
capillary condensate at the crack tip [Grimaldi et al., 2008]. The presence of water in the crack wouldmake the
surface energy of calcite during fracture propagation identical to that in submerged conditions, but capillary
forces acting against the openingof the fracturemake theobserved threshold for fracture propagationhigher
[WanandLawn, 1990]. The energy released during crack propagation in the presence of liquidwater is smaller
thanwith atmospheric humidity on average, as previously reported for both calcite and rocks [Atkinson, 1984].
3.2. Eﬀect of pH
In the experiments with variable pH, made with the Grenoble double torsion setup, crack velocities were
measured in the range 10−8 –10−2 m/s (see Table 3). The-v curves (Figure 6) displaymostly regime1behavior
Figure 10. Inﬂuence of pH on the value of the energy release rate 0 at the onset of crack propagation. Overall, the
variation of pH does not change 0 signiﬁcantly. The dashed line represents a linear ﬁt of the data. The average values
of 0 for distilled water in equilibrium with the atmosphere and for atmospheric humidity (air) are also given.
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Figure 11. Eﬀect of ionic strength on the energy release rate 0 at the onset of crack propagation. Black diamonds are
data of Rostom et al. [2013], where ionic strength was controlled with NaCl solutions. The average values of 0 for
distilled water in equilibrium with the atmosphere and for atmospheric humidity (air) are also given.
and can be collapsed onto a single curve using equation (1). In some experiments, (see, for instance, CA28,
Figure 6) the crack starts propagating close to dynamic fracturing (regime 3 fracture propagation).
For each experiment, the value of the energy release rate 0 = 2𝛾 , where 𝛾 (J/m2) is the interfacial energy
of calcite, can be estimated for the various values of pH (Figure 10). When applying a linear regression to all
data, a positive trend can be detected that could be interpreted as corresponding to a slight inﬂuence of pH
on subcritical crack propagation. However, when considering the experimental variability, the hypothesis of a
null inﬂuence of pH cannot be ruled out. In the samemanner, there is a slight variability in ionic force between
experiments, in the range 1.4–1.8 M. No clear trend emerges between the value of 0 and the ionic strength,
due also to the quite low range of ionic strength variability. To conclude, in the present set of experiments,
for an almost constant ionic strength, the eﬀect of pH on subcritical crack growth is negligible in the range
5.5–7.5. When comparing with previous experiments using the same experimental approach [Røyne et al.,
2011; Rostom et al., 2013], all energy release rate data fall in the range 0.2–0.4 J/m2 (Figure 11).
3.3. Eﬀect of Ion Species and Salinity
A combined average curve for each salt solution and concentration was determined based on the results
from the individual experiments. This was done by resampling each curve, to ensure that all curves had the
same number of data points. From this the average curve could be found simply by calculating themeans for
each point. The resulting curves can be seen in Figures 7 and 8. The calculated velocities and values for 0 are
summarized in Table 3.
The results for NaCl are somewhat diﬀerent from the results obtained by Rostom et al. [2013], who found
0 = 0.40 J/m2 for 1M solution of NaCl, while we have 0 = 0.32 J/m2 for 1.2 M.We also have a slightly higher
value for low concentrations, as Rostom et al. [2013] found 0 = 0.23–0.24 J/m2 for 0.01 M solution of NaCl,
while we have 0.28 J/m2 for 0.012 M. However, we only ran one experiment for each concentration of NaCl.
Given the high level of uncertainty in these experiments, we cannot expect to obtain exactly the same results
with only one data point for each ionic solution.
MgSO4 showeda similar trendasNaCl,with slightly higher valuesof0 for high concentration than for low. The
energy release rate for low concentration had an average value of 0.30 J/m2, while for high concentration0 is
0.34 J/m2 on average. Based on the averages alone, it might appear as though a high concentration of MgSO4
would cause lessweakeningor even a slight strengthening compared to a lowconcentration. However, due to
the large variability between experimentswith similar conditions, we cannot rule out the possibility ofMgSO4
having no real eﬀect in this case.
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Figure 12. (a) Load curve during lightening of the load and the following relaxation for sample 140725. (b) Crack length
versus load during closing of the crack for sample 141017. The color indicates time, t = 0 is blue. (c) Schematic
representation of crack length versus load.
For MgCl2 we see no signiﬁcant diﬀerence in the results from high and low concentrations. For low concen-
trations 0 is 0.31 J/m
2, while at high concentration we ﬁnd that 0 is 0.32 J/m
2. Given both a very small
diﬀerence between the average values as well as a large variability for high and low concentration, MgCl2 has
no measurable eﬀect on the surface energy of calcite under these speciﬁc conditions.
Na2SO4 stands out from the other salts. Not only is there a much more pronounced diﬀerence between high
and low concentrations but we also observe a reversed eﬀect compared to what Rostom et al. [2013] found
for NaCl. For low concentrations 0 has an average value of 0.36 J/m
2. For high concentrations 0 is 0.27 J/m
2.
Even though there is a signiﬁcant variation between diﬀerent experiments with the same ionic solution and
concentration (see Tables 2 and 3), the two intervals do not even overlap. We conclude that we can rule out
the null hypothesis and that 0 varies with Na2SO4 concentration.
3.4. Comparison to an Analytic Model
When subtracting the lower limit for the energy release rate, i.e., 0, in each  versus v curve, all the curves
appear to coincide for all experiments (see insets in Figures 6–8). The theoretical expression for the  ver-
sus v curve is given by equation (1). There are certain discrepancies between the theoretical curve and the
measured curves, most likely caused by imperfect positioning of the sample relative to the actuator.
It has been reported that there is a plateau in the  versus v curve (see Figure 1, region 2), until a certain value
for, where dynamic fracture begins [Atkinson, 1984;Dunninget al., 1994]. In previous studies on calcite single
crystals, this has not been seen [Røyne et al., 2011; Rostomet al., 2013]. However, whenwe compare our data to
themodel ﬁt, we see a deviation from themodel for higher values of  (− 0 > 0.15 J/m2), where the curves
appear to ﬂatten out. This may be indicative of such a plateau. However, further tests with higher loads and
velocities would need to be conducted to verify this.
3.5. Crack Healing
We only have crack closing data for Na2SO4, MgCl2, and MgSO4, as the other healing results were compro-
mised by experimental failure. In the experiments there is a diﬀerence between the optical appearance of
crack length reduction and physical healing. When the aperture of the crack reduces to much less than the
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Figure 13. The extent of closing observed for diﬀerent salts and concentrations. (a) The time evolution of crack
closing, da, i.e., change in crack length. The diﬀerent colors represent diﬀerent closing intervals, occurring in series.
The data is from sample 150511. The ﬁtted line is given by da = 0.75 (mm)(1 − exp(−closing time∕222(s))). (b) da is
plotted against the closing interval, i.e., for how long the crack was left to close. The closing is given as an absolute
diﬀerence from when the actuator was stopped until load was added again, and the crack was reopened. (c) The area
mapped out by the a versus load curve (see Figure 12b) for seven diﬀerent healing intervals. The ﬁtted line is given by
area = 0.25e − 3 (Nm)(1 − exp(−closing time∕140(s))). All data points are from sample 150511. (d) da versus dN
during closing.
wavelength of light, it cannot be detectedwith regular optical imaging. However, the lattice bondswill not be
able to reform unless the aperture reduces further, to a few nanometers or less. Thus, the real test of whether
a crack has healed, or merely narrowed, will be how the sample reacts when the crack opens up again.
Reducing the load to about 0.59 N did result in an apparent closing of the crack. In all cases a reduction in
crack length was observed immediately after reducing the load, which corresponds to an elastic relaxation.
However, in several cases we also saw that once the actuator had been stopped, the crack continued to
shorten. In addition, the measured load increased, with an initial rapid increase lasting∼10–30 s followed by
slow creeping toward higher values, an example of which is shown in Figure 12a. This eﬀect was not seen in
every experiment, but where it was seen, it started within the ﬁrst few seconds of relaxation. However, when
conducting a control experiment using a steel sample,we alsomeasured an increase in load, of the sameorder
of magnitude as the load increase measured using calcite samples. Therefore, we cannot rule out that the
measured increase in load seen in our calcite experiments is simply due to relaxation of the double torsion rig.
Crack length is plotted against load in Figure 12b. The evolution in time is indicated by a color code. The data
starts out as blue (loading and relaxation), evolves to green (load decrease), then yellow (closing), and at the
end red (reopening and load increase), thus showing which part of the curve is the reduction of load and
which is the increase of the load again.
In the cases where the crack continued to close while the actuator was kept at a ﬁxed position, the crack
lengthwas found to increasewith load during reloading, with the same slope as during load reduction, until a
threshold loadwas reached at which point the crack propagated back to its original position (see Figure 12b).
When the actuator is notmoving, the reduction in crack length, da, appears to followanexponential evolution
in time (see Figure 13a),with a rapid initial increasebefore approaching an asymptote, i.e., da ∼ amax(1−e−t∕𝜏 ),
where 𝜏 represents a characteristic time scale for the crack length reduction. This suggests that some rate
limiting factor slows down the crack closing as the crack aperture decreases. A similar trend is seenwhen com-
paring the total reduction in crack length with the closing interval for all experiments, shown in Figure 13b.
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However, there appears to be a diﬀerence between the various salts. When comparing the amount of reduc-
tion in crack length, we see a clear trend. For Na2SO4 there are very few signs of any signiﬁcant closing of the
crack during relaxation, but for bothMgCl2 andMgSO4 there is a clear trend of rapid closing immediately after
load decrease, followed by a slower continued closing of the crack during relaxation, indicating that Mgmay
aﬀect the healing of the fracture. We see no clear relation between healing and salt concentration.
The area of the hysteresis loop in the crack length versus load curve (see Figure 12b) also shows an expo-
nential dependence on the closing interval, shown in Figure 13c. This area can be interpreted as a measure
of the energy that is dissipating during the healing and reopening of the cracks. When the crack heals at a
constant applied force, the surface energy is reduced, and this energy must ultimately be dissipated as heat.
The hysteresis loop area is therefore a measure of the change in surface energy during crack healing. The
hysteresis loop area has a similar time dependence as the crack closing, but with a 𝜏 parameter which is a little
less than half the value of the ﬁtting parameter for the curve given for the time evolution of a.
Thenumberofprevious closing intervals doesnot appear to aﬀect the results signiﬁcantly.We seenoapparent
change in crack length reduction. The areamapped out by the a versus load curve does not appear to change
signiﬁcantly either (see Figure 13c).
There does not appear to be any clear relation between change in load during healing, dN, and change in
crack length, da, as is shown in Figure 13d. This is consistent with the assumption that the increase in load
measured during healing is caused by a relaxation of the double torsion rig and is therefore most likely not
related to healing.
3.6. Crack Surface Topographies
All the crack surfaces from experiments listed in Table 2 were scanned with a white light interferometer, and
the areas aroundwhich the closing of the crack took placewas analyzed in detail. However, therewas nothing
in these areas that set them apart from the rest of the crack surface.
When imaging these same areas using a scanning electron microscope, no signiﬁcant diﬀerences were seen
between the diﬀerent sections of the same sample nor between diﬀerent samples.
Four separate samples were prepared in order to investigate potential mineral deposition on the fracture
surfaces. The sampleswere cracked in solutions of high and low concentrations of Na2SO4 andMgSO4 and left
in the solutions for ∼90 min. Energy dispersive spectroscopy only showed calcium carbonate for both high
and low concentrations of Na2SO4, as well as for low concentration of MgSO4. For the sample submerged in
high concentration MgSO4 solution, some magnesium and sulfur was detected at the surface.
4. Discussion
Unlike most silica-rich materials which have a surface potential determined by the activity of H+ and OH−
near Si–O bonds, the potential determining ions for calcite are CO2−3 and Ca
2+ [Stipp, 1999]. However, adsorp-
tion of water onto the surfaces is energetically favored and has a stabilizing and relaxing eﬀect [de Leeuw and
Parker, 1997], which is suggested as a cause of water weakening in chalk. It has also been shown that water
causes repulsion between calcite surfaces on a nanoscale [Røyne et al., 2015]. Water adsorption onto the sur-
face occurs almost immediately after surface creation, allowing for dissolution and reprecipitation within this
layer [Stipp et al., 1996]. Adsorption of MgSO4 has also been found to reduce the surface energy of calcite
[Sakuma et al., 2014].
Our data show that altering the chemical composition of the ﬂuid in contact with the sample may aﬀect the
mechanical properties of single calcite crystals, as predicted by the Rehbinder eﬀect [Shchukin et al., 2006].
Changing the surrounding ﬂuid of the sample will aﬀect the surface energy, thus changing the strength of
the sample. Our results indicate that changing the pH has a very small eﬀect, if any, at room temperature.
Changing the salinity of either NaCl [Rostom et al., 2013] or Na2SO4 has a somewhat greater eﬀect, though
much less than the eﬀect of altering the water activity [Røyne et al., 2011]. Magnesium salts have only a very
minor eﬀect if any at all on the surface energy of calcite at room temperature.
4.1. The Role of Calcite Dissolution
It has previously been suggested by Atkinson [1984] that dissolution can aﬀect subcritical crack propagation
in twoways. On the one hand, the increased solid chemical potential at the crack tip due to elastic stress con-
centration may lead to enhanced crack tip dissolution and drive crack propagation. This was proposed as a
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mechanism for subcritical crack growth in calcite by Atkinson [1984]. On the other hand, dissolution at the
crack tipmay lead to crack tip blunting and strengthening of the crack. Rostomet al. [2013] suggested that tip
blunting due to dissolution could explain the strengthening eﬀect on calcite crack observed with NH4Cl and
high ionic strength NaCl saline solutions. Dunning et al. [1994] also proposed that dissolution could have a
strengthening eﬀect on crack propagation in calcite at low velocities. Calcite dissolution occurs by removing
successive layers of calcium and carbonate ions through the nucleation and spreading of etch pits and the
dissolution of preexisting steps at themineral surface, whereas dislocation-induced dissolution is considered
as a secondary eﬀect [Ruiz-Agudo and Putnis, 2012]. The rate of calcite dissolution or precipitation depends
on ﬂuid chemistry. Using bulk solution experiments or atomic scale imaging, this rate is shown to be inde-
pendent of pH in the range 5–8 and then it increases at lower pH [Arvidson et al., 2003, Figure 1]. Atomic
scale imaging have shown etch pit velocity retreat rates in the range 1.5 to 3 nm/s, depending on the steps
considered Ruiz-Agudo and Putnis [2012]. The overall dissolution rate perpendicular to a calcite cleavage sur-
face wasmeasured close to 3× 10−12 m/s at room temperature [Arvidson et al., 2003]. When considering ionic
strength there is a fairly large eﬀect, and depending on the ions added to solution, these rates either decrease
or increase up to 1 × 10−11 m/s for an ionic strength up to 6 M [Ruiz-Agudo et al., 2009, 2010]. Nevertheless,
all these dissolution rates are clearly much smaller than the smallest crack propagation velocity of 10−9 m/s
measured during our experiments. We therefore rule out dissolution as a controlling factor in the subcritical
crack propagation observed in our experiments.
4.2. Eﬀect of pH, Ionic Strength, and Ion Species
We found that the resistance to crack propagation was not signiﬁcantly inﬂuenced by pH within the range of
5–7.5 (see Figure 10). It was previously shownbyDunninget al. [1994] that changes in the pHof basic aqueous
solutions can produce substantial shifts in crack velocity- curves for calcitic rocks. However, all the solutions
used in those studieswere far fromequilibriumwith respect to calcite, which should not be the case in natural
environments where the ﬂuids are rapidly buﬀeredwhen in contact with calcite. It is worth noting that the pH
of the conﬁned ﬂuid at the fracture tip is not necessarily equal to the bulk pH at all times, as the newly formed
crackwill havemuchmore reactive surfaces compared to the rest of the crystal. However, the diﬀusion of ions
in the solution is much faster than the crack growth, and therefore any minor pH perturbations will dissipate
on a much shorter time scale than the timescale of fracture growth.
Rostometal. [2013] showed that the fracture strengthof calcite increasedwith ionic strength forNaCl solutions
ranging from 0.01 to 1 M, with a maximum value of 0 = 0.40 J/m2. For ionic strengths larger than 1 M, the
resistance of calcite is lower, from 0.39 to 0.26 J/m2. In our experiments we ﬁnd that 0 varies between 0.26
and 0.36 J/m2 for acetic acid saturated with CaCO3. When the solution is saturated, at pH 7.5 with an ionic
strength equal to 3.8 M, 0 becomes lower than for solutions at pH 7 and varies between 0.26 and 0.3 J/m
2,
which might suggest that increasing the ionic strength will increase the strength of calcite. However, our
results pertaining toNa2SO4 do notmatch that assumption. As it has a noticeable strengthening eﬀect only at
low concentrations, it appears as though the nature of calcite surface energy is more complex in this respect
than previously assumed. Merely increasing the ionic strength will not cause a strengthening of calcite in all
cases and is clearly dependent on ion species. However, the eﬀect of ionic strength and diﬀerent ion species
is less than the eﬀect of changing the water activity by mixing in glycol [Røyne et al., 2011].
Megawati et al. [2012] suggest a model for the weakening seen in chalk caused by diﬀerent types of brine.
This model is based on DLVO theory (named after Derjaguin and Landau [1941] and Verwey and Overbeek
[1948]), and its purpose is to explain how an increased concentration in Na2SO4 (from 0 M to 0.22 M) causes
a reduction in yield strength and bulk modulus, compared to similar tests done using NaCl (concentration
ranging from 0M to 0.63M), which only caused amild weakening. Their model suggests that the reduction in
strength is caused by sulfate adsorption on grains near grain contacts, giving rise to a negative surface charge
of the individual calcite grains. Where the grains are close, the diﬀusive layers overlap, causing a repulsive
force between grains. However, this model would indicate that the extent of the weakening is decided by the
valence and concentration of the ions injected.
If DLVO theory was suﬃcient to explain the results of the present study, then ion concentration and valence
should be the main controlling parameter explaining the results. However, our results for diﬀerent salts sug-
gest that DLVO theory cannot give a complete description of the changes in surface energy measured in the
present data set.
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Heggheimetal. [2005] reported thatwhen the concentrationofNaClwas reduced from∼0.4M to∼0.23M, and
the concentration of Na2SO4 was increased from ∼0.024 M to ∼0.096 M in their synthetic seawater, they saw
an increased weakening of the chalk. This synthetic seawater also contained other salts, like MgCl2 and CaCl2,
but the concentration of these was kept constant. Their results are consistent with our own results as well as
with the results of Rostom et al. [2013], indicating that at least a portion of the weakening seen in chalk due
to the change in concentration of these salts is due to a general reduction in the surface energy of the calcite
in the grain boundaries. However, as Heggheim et al. [2005] varied both salt concentrations at the same time,
it is diﬃcult to determine if the change in strength is due to changing the concentration of NaCl, Na2SO4, or
both, and in the latter case, howmuch is caused by which salt.
4.3. Closing and Healing of Cracks
Healing appears to occur quite rapidly in the ﬁrst few seconds of crack closing and then proceeds fairly slowly
afterward. This dependence on time in terms of healing is supported by the results of Stavrinidis andHolloway
[1983], who found that leaving samples of soda-lime-glass to heal for a month caused the samples to be
much stronger, i.e., greater force was necessary to reopen the crack, than samples that were left for shorter
time periods. Similarly, they also found that healing was more eﬃcient at 200∘C. Michalske and Fuller [1985]
suggested that healing in silicate glass was caused by three mechanisms, namely, ﬁrst by hydrogen bonding
through bridgedwatermolecules, which in turn could bring the surfaces closer together allowing for cationic
bridging and ﬁnally siloxane bridgingwhichwould completely close the gap between the two crack surfaces.
However, for siloxane bridges to form any excesswater left within the crackwould have to diﬀuse into the sur-
rounding ﬂuid or be removed in some other fashion. Both time and increased temperature could potentially
provide the mechanism for water to diﬀuse and allow for complete healing of the crack. Expulsion of water
within the crack will thus be a rate limiting factor in the healing process, which is consistent with our mea-
surements. The ﬂuid within the crack must be expelled for the crack to close. Initially, this will be quite rapid,
but as the two crack surfaces approach each other, the water will take on a layered structure, and expulsion
requires much more energy [Israelachvili, 2011].
The crack closing behavior appears to have two very diﬀerent contributions. Initially, the elastic closing is
represented by the linear decrease in crack length with load. This is then followed by a period of irreversible
closing, i.e., healing (see Figure 12c), which is partially dependent on time and chemistry. The mechanisms
involved in the healing of the cracks are clearly diﬀerent from those involved in the opening of the crack, as
there is no correlation between which salts cause weakening and which cause a healing eﬀect. It seems clear
fromour results that bothmagnesium salts facilitate a certain healing of the fracturewhile Na2SO4 has amuch
less pronounced eﬀect. Brantut [2015] conducted a study on the recovery of microcrack damage in both dry
and water saturated limestones. The recovery, i.e., closing or healing of microcracks, was measured in terms
of permeability reduction and increase in P wave speed. The development in crack closing over time shows
a similar trend as our results, with an initial rapid increase in P wave speed, followed by a gradually slower
increase over time. The change in P wave speed is partly attributed to mechanical eﬀects, i.e., closing of the
crack, without healing or sealing taking place. However, a signiﬁcant increase in recovery rate is seen in the
water saturated samples compared to the dry samples, which is interpreted as an indication that microcrack
closure in limestones is partly caused by pressure solution inside the cracks. Our results are also noticeably
dependent on the chemistry of the system; hence, we believe that the healing we see is caused by a chemical
eﬀect, rather than a mechanical one. However, the exact mechanism or mechanisms responsible have yet to
be identiﬁed.
The observation that healing in the presence of Na2SO4 is much lower than in the presence of MgSO4 could
be explained by amechanism of passivation of the calcite surface due to precipitation of gypsum.When SO−24
ions are present at the calcite-water interface, they could bind to the calcium ions released by dissolution of
calcite, forming gypsumor anhydrite. Theseminerals would cover the surface of the calcite, passivating it and
reducing its ability to heal. In the presence of magnesium ions, this reaction is much slower because the pres-
ence of magnesium lowers the dissolution rate of calcite. Such an eﬀect of coupled dissolution-precipitation
on calcite surfaces in the presence of sulfate ions has been observed in atomic forcemicroscope experiments
Oﬀeddu et al. [2014] and provides an interpretation of the diﬀerence of healing rates between these two salts.
However, we see no signs of sulfate precipitation at the crack surfaces in the SEM.
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4.4. Application to the Geological Sequestration of CO2 in Carbonate Reservoirs
When supercritical CO2 is injected into a geological formation, the pH of the pore ﬂuid will drop as a result of
the CO2 reacting with the pore ﬂuid to form carbonic acid. Duan and Li [2008] found in their numerical study
of calcite dissolution that at pressures and temperatures typical of a CO2 storage reservoir, a CO2-saturated
aqueous solution can have a signiﬁcantly lower pH than 5, even if the solution is saturated with CaCO3.
Therefore, our results are not applicable to areas of a reservoir situated near the injection well, where the pH
will drop below 5. However, further from the injection site, the pH is more likely within the range of 5–7.5.
Based on our experimental results, it therefore appears as though injection of CO2 into a carbonate reservoir
will only have aminor eﬀect on themechanical strength of the host rock. Dissolution is so slow that it has very
little eﬀect on fracture growth, and increasing the concentration of CaCO3 in the pore ﬂuidwill simply increase
the pH again. This, in turn, is likely to slow down dissolution and eventually the systemwill reach a new steady
state. A similar conclusion was reached by Grgic [2011], who found that injection of CO2 (both supercritical
and in an aqueous solution) into Lavoux limestone caused only negligible dissolution and deformation as
long as the system was closed, i.e., no renewal of pore water by adding of groundwater.
WhenCO2 reactswith thepore ﬂuid, the salinity of the formationwater is likely to increase, as porewater is lost
by dissolving into the injected supercritical CO2. Provided that there is signiﬁcantly more NaCl than Na2SO4
in the pore ﬂuid, this in turn will have a strengthening eﬀect on the limestone, reducing subcritical fracture
growth.
However, the combined eﬀect of CO2 injection caused by a diﬀerence in temperature between the injected
CO2 and the host rock, or the two phase eﬀects near the injection well, are beyond the scope of this study.
5. Conclusion
We have used double torsion experiments to investigate the eﬀect of ﬂuid composition, salinity, and pH on
subcritical fracture growth in calcite single crystals, as well as the potential for healing of cracks. Our main
results are the following:
1. As long as the ﬂuid is saturated with respect to CaCO3, pH in the range 5–7.5 does not have a very strong
eﬀect on the surface energy of calcite. Our experimental data indicates a mild positive trend, with slightly
increased strength with decreasing pH, but due to signiﬁcant variability in the data, we cannot rule out the
null hypothesis either.
2. At low concentrations (0.004 M) Na2SO4 appears to strengthen calcite crystals compared to pure water.
However, at higher concentrations (0.4 M) the eﬀect is reversed, and Na2SO4 seems to cause a weakening
of the calcite crystal. This behavior is opposite of what has been seen for NaCl previously, suggesting that
ionic strength is not suﬃcient to explain the eﬀect of diﬀerent salts on calcite strength.
3. MgCl2 and MgSO4 do not appear to have any signiﬁcant eﬀect on calcite strength, though we cannot rule
out altogether that these salts have someeﬀect on subcritical fracturing in calcite. However, both salts seem
to induce healing of cracks. The underlying mechanisms that control healing are not well understood at
this point and require further study.
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